A glass electrode is the most popular electrode in the determination of acidity owing to its high selectivity, reliability and dynamic pH range. However, the disadvantages of glass electrodes, such as high ohmic resistance, the need for an internal solution and the fragility of glass, suggest that other materials might be more suitable. Thus, non-glass hydrogen ion-selective electrodes have been studied by many researchers. Among them, especially, hydrogen ion-selective solvent polymeric membrane electrodes have been studied more than others. The first solvent polymeric membrane pH electrodes containing an ionophore, instead of glass, have been proposed by Ammann et al. and Schulthess et al. 1, 2 This electrode has a PVC layer with tridodecylamine used as an ion carrier and an internal filling solution. Later, other researchers continued to study pH sensing materials and the electrode configuration. Thus, other various compounds (aliphatic, heteroaromatic and their derivatives) 3-9 have been studied as carriers of hydrogen ions; various configurations of this hydrogen ion-selective electrode have also been investigated. These compounds yielded a wider applicable pH range and a better selectivity coefficient. The results were particularly good when tertiary amine compounds were applied. Also, there have been developments concerning the configuration of ion-selective electrodes (ISEs). The configurations of ISEs were changed from the traditional barrel configuration 10 to wire-type electrodes. 11-14 These electrodes sometimes exhibit better selectivities than conventional-type electrodes with an internal solution. [15] [16] [17] [18] [19] [20] [21] [22] However, the standard potential of coated-wire electrodes is often unstable, varying for one electrode during its lifetime, as well as differing among electrodes of the same type. These systems cannot provide very reproducible potentials due to blocking the electrons between the PVC membrane coating and the metal. 23 Thus, many researchers have utilized an electron conducting polymer layer with an anionic dopant. 24 They made an electroconductive layer on a metal surface by employing the electrochemical method. This layer, such as poly(aniline), poly(pyrrole), or poly(thiophene), increased the adhesion between the metal substrate and a PVC layer containing ionophore, thus enabling anion or electron transfer at the interface. Especially, poly(aniline) is a versatile material and has many different applications. This poly(aniline) film may be used to construct all solid state sensors by taking advantage of the electronic as well as ionic conductivity. 25 In this study, we used poly(aniline), which could act as a solid contact between a pH-selective PVC membrane containing the ion carrier and a metal contact. In this paper, an all solid state potentiometric sensor for hydrogen ion based on poly(aniline), covered with a plastic PVC membrane and activated by N,N,N′,N′-tetrabenzylethanediamine ionophore, is presented and evaluated in the terms of the analytical application. We also present the pH response mechanism of this poly(aniline) solid contact electrode. A hydrogen ion-selective solid-contact electrode based on N,N,N′,N′-tetrabenzylethanediamine has shown the best Nernstian slope and selectivity and the widest response range in a Tris buffered pH sample solution. Its linear dynamic range was pH 3.50 -11.94, and the Nernstian slope showed 52.1 mV/pH (at 20 ± 0.2˚C). When it was directly applied to human whole blood (in pH range 6.0 -8.5) we could obtain the same satisfying results. This electrode continuously contacted a Tris 7.47 buffered solution, human whole blood and a hydrofluoric acid solution for one month without any loss of performance. Also, hydrofluoric acid did not influence the surface of this electrode, and thus it was maintained without showing any changes in potentials after being used in a hydrofluoric acid solution. The standard deviation in the determined e.m.f. differences was 1.5 mV (N = 5) for Tris buffer solutions of pH 6.5 and 1.1 mV at a Tris buffer solutions of pH 8.5. The 90% response time of the electrodes obtained by injecting of hydrochloric acid into the Tris buffer sample solution was less than 10 s. Especially, in the this paper, with these potential response characteristics of hydrogen ion selective poly(aniline) solid contact electrode, we have also presented the pH response mechanism of this electrode and the role of poly(aniline) and a doped anion in a poly(aniline) layer.
Introduction
A glass electrode is the most popular electrode in the determination of acidity owing to its high selectivity, reliability and dynamic pH range. However, the disadvantages of glass electrodes, such as high ohmic resistance, the need for an internal solution and the fragility of glass, suggest that other materials might be more suitable. Thus, non-glass hydrogen ion-selective electrodes have been studied by many researchers. Among them, especially, hydrogen ion-selective solvent polymeric membrane electrodes have been studied more than others. The first solvent polymeric membrane pH electrodes containing an ionophore, instead of glass, have been proposed by Ammann et al. and Schulthess et al. 1, 2 This electrode has a PVC layer with tridodecylamine used as an ion carrier and an internal filling solution. Later, other researchers continued to study pH sensing materials and the electrode configuration. Thus, other various compounds (aliphatic, heteroaromatic and their derivatives) [3] [4] [5] [6] [7] [8] [9] have been studied as carriers of hydrogen ions; various configurations of this hydrogen ion-selective electrode have also been investigated. These compounds yielded a wider applicable pH range and a better selectivity coefficient. The results were particularly good when tertiary amine compounds were applied. Also, there have been developments concerning the configuration of ion-selective electrodes (ISEs). The configurations of ISEs were changed from the traditional barrel configuration 10 to wire-type electrodes. [11] [12] [13] [14] These electrodes sometimes exhibit better selectivities than conventional-type electrodes with an internal solution. [15] [16] [17] [18] [19] [20] [21] [22] However, the standard potential of coated-wire electrodes is often unstable, varying for one electrode during its lifetime, as well as differing among electrodes of the same type. These systems cannot provide very reproducible potentials due to blocking the electrons between the PVC membrane coating and the metal. 23 Thus, many researchers have utilized an electron conducting polymer layer with an anionic dopant. 24 They made an electroconductive layer on a metal surface by employing the electrochemical method. This layer, such as poly(aniline), poly(pyrrole), or poly(thiophene), increased the adhesion between the metal substrate and a PVC layer containing ionophore, thus enabling anion or electron transfer at the interface. Especially, poly(aniline) is a versatile material and has many different applications. This poly(aniline) film may be used to construct all solid state sensors by taking advantage of the electronic as well as ionic conductivity. 25 In this study, we used poly(aniline), which could act as a solid contact between a pH-selective PVC membrane containing the ion carrier and a metal contact. In this paper, an all solid state potentiometric sensor for hydrogen ion based on poly(aniline), covered with a plastic PVC membrane and activated by N,N,N′,N′-tetrabenzylethanediamine ionophore, is presented and evaluated in the terms of the analytical application. We also present the pH response mechanism of this poly(aniline) solid contact electrode. A hydrogen ion-selective solid-contact electrode based on N,N,N′,N′-tetrabenzylethanediamine has shown the best Nernstian slope and selectivity and the widest response range in a Tris buffered pH sample solution. Its linear dynamic range was pH 3.50 -11.94, and the Nernstian slope showed 52.1 mV/pH (at 20 ± 0.2˚C). When it was directly applied to human whole blood (in pH range 6.0 -8.5) we could obtain the same satisfying results. This electrode continuously contacted a Tris 7.47 buffered solution, human whole blood and a hydrofluoric acid solution for one month without any loss of performance. Also, hydrofluoric acid did not influence the surface of this electrode, and thus it was maintained without showing any changes in potentials after being used in a hydrofluoric acid solution. The standard deviation in the determined e.m.f. differences was 1.5 mV (N = 5) for Tris buffer solutions of pH 6.5 and 1.1 mV at a Tris buffer solutions of pH 8.5. The 90% response time of the electrodes obtained by injecting of hydrochloric acid into the Tris buffer sample solution was less than 10 s. Especially, in the this paper, with these potential response characteristics of hydrogen ion selective poly(aniline) solid contact electrode, we have also presented the pH response mechanism of this electrode and the role of poly(aniline) and a doped anion in a poly(aniline) layer. 
Experimental

Reagents
Aniline and tetrahydrofuran (THF) were purified by vacuum distillation.
For all of the experiments, analytical-grade chemicals and doubly-distilled demineralized water were used. High-molecular-weight polyvinylchloride (PVC, n = 1, 100), potassium tetrakis(4-chlorophenyl)borate (KTpClPB), 2-nitrophenyloctylether (o-NPOE), 1,6-hexanediamine, N,N′-dibenzylethanediamine, 1,4-propanediamine, N,N,N′,N′-tetrabenzylmethanediamine (TBMDA), THF and aniline were obtained from Aldich Co.
Neutral career synthesis
In the laboratory, the N-alkylation of the N,N′-dibenzylethane diamine, 1,3-propanediamine and 1,6-hexanediamine, respectively, to yield tetrabenzylethanediamine (TBEDA), tetrabenzylpropanediamine (TBPDA) and tetrabenzylhexanediamine (TBHDA) as ionophores, were synthesized based on the reaction with the benzylchloride. 26 A total of 10 ml of freshly distilled N,N′-dimethylformamide, an equivalent weight ratio of sodium bicarbonate, and the N,N′-dibenzylethanediamine (0.01 mol, 2.40 g), 1,3-propanediamine (0.01 mol, 0.882 g) and 1,6-hexanediamine (0.01 mol, 1.16 g) were placed in a flask, respectively, and a 5-ml volume of freshly benzylchloride was added to the separator funnel protected by a calcium chloride guard tube. The flask and content were heated to 120˚C, while stirring vigorously, and the benzyl chloride was poured in slowly (∼1 h). The heating and stirring was continued for a further 5 h. It was then allowed to cool. A thick paste was extracted several times with ethyl ether, the combined extracts were washed successively with water, and then dried over anhydrous magnesium sulfate. They were purified by column chromatography.
To identify and characterize the synthesized material, the following were used: gas chromatograph (Hewlett Packard 5890), NMR (Hitachi R-24B) and elemental analyzer (Fisons Co. EA 1108). Elemental analysis gave the following result: calculated for tetrabezylethanediamine (420.60), 85.66% C, 7.67% H, 6.66% N; found, 81.96% C, 7.56% H, 6.59% N; for tetrabenzylpropanediamine (434.62), 85.67% C, 7.88% H, 6.45% N; found, 85.13% C, 7.66% H, 6.39% N; for tetrabenzylhexanediamine (476.71), 85.67% C, 8.46% H, 5.88% N; found 85.66% C, 7.67% H, 6.66% N.
Polymerization
Electrochemical experiments were performed in a conventional cell with three electrodes. A saturated calomel electrode was used as the reference electrode and all potentials were recorded and reported with respect to this electrode. As the working and counter electrodes, platinum wire (1 mm in diameter) was used. Electrochemical polymerization was carried out using cyclic voltammetry in 0.03 M aniline and a different concentration of HCl (aniline:HCl = 1:1.5, 1:2.0, 1:2.5, 1:3.0, 1:3.5, 1:4.0) on platinum wire. Cyclic voltammograms were recorded using a Bi-potentiostat (pine instrument company Model AFRDE5) and an X-Y recorder (YOKOGAWA Model 3025). For the electrochemical polymerization of aniline, the potential was swept between 0.0 and 1.0 V vs. SCE at a scan rate of 100 mV/s. The potential cycling was repeated up to 60 cycles and stopped at 1.0 V. After electrodeposition, the poly(aniline) was washed with 0.02 M HCl and distilled water. The poly(aniline) was then dried for 1 h in an oven at 105˚C.
Preparation of a cocktail solution and a solid contact electrode
The cocktail solution contained 1.0 wt% ionophore (TBMDA, TBEDA, TBPDA and TBHDA, respectively), 0.8 wt% KTpClPB, 67.1 wt% o-NPOE and 31.1 wt% PVC. 27 All components were dissolved in THF. After a part of the Pt in Pt/poly(aniline) electrode was covered with a thermocontractive insulation tube, a solid contact electrode could be produced by dipping a Pt/poly(aniline) electrode directly into this cocktail solution.
e.m.f. measurements
The e.m.f. values were measured at 20 ± 0.2˚C using a Model 355 ion analyzer (Mettler-Toledo Ltd. England). In all of the experiments, pH measurements of sample solutions were determined with a Mettler-Toledo Inrab 412 glass electrode. The external reference electrode was a double-junction calomel electrode (Orion 90-20-00; Orion Research. U.S.A.). The Tris buffered pH sample solutions were adjusted by the addition of hydrochloric acid from high (pH 13.9) to low pH (pH 1.3) and the pH of the sample solution was continuously monitored with a Mettler-Toledo Inrab 412 glass electrode. The standard deviation arising from this measuring equipment was < 0.1 mV for a single determination. Before use, the electrodes were conditioned in distilled water for at least 2 h. The selectivity factors were determined by a fixed interference method using solutions of 0.01 M tris(hydroxymethyl)aminomethane, 0.01 M sodium hydroxide and 0.13 M sodium chloride. 28 To analyze the analysis of the influence of the other interfering ions, KCl and LiCl were used to replace NaCl. The electrical resistance of the electrodes was determined by a current shunt method.
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Results and Discussion
In electrochemical polymerization, a poly(aniline) polymer film on platinum showed a reversible color change (yellow ↔ dark green) upon switching the potential from 0.0 to 1.0 to 0.0 versus a saturated calomel electrode. However, after about 25 cycles, a dark-green polymer film began to be deposited on the platinum wire. When potential cycling was repeated up to 60 cycles, a thick and porous dark-green electroconductive ploy(aniline) film was obtained.
The potential-response characteristics of this solid contact electrode in a Tris buffered pH sample solution at 20 ± 0.2˚C are presented in Fig. 1 TBEDA ionophore with those of a solid-contact electrode based on TBMDA, TBPDA and TBHDA ionophore. The solidcontact electrode based on TBEDA ionophore showed the best Nernstian slope and response range. Their linear dynamic ranges were pH 3.50 -11.94 and the Nernstian slopes showed 52.1 mV/pH (at 20 ± 0.2˚C). However, it appears that the remaining three electrodes compared to electrode based on TBEDA ionophore had decreased Nernstian slopes and reduced response ranges. We suppose that in the case of a long carbon chain between two nitrogen ions, such as TBPDA and TBHDA ionophores, the Nernstian slope and the response range were reduced by the interference of other ions. It also seems that when we used TBMDA as a ionophore, two nitrogens were so close that hydrogen ions in a Tris buffered pH sample solution could not approach to the nitrogen ions.
The selectivity coefficients with respect to Na + , K + , and Li + were evaluated by the fixed interference method. The resulting values of log K HM pot for the solid-contact electrode based on TBEDA ionophore were -11.2 for M = Na + , -9.6 for M = K + , and -11.7 for M = Li + ( Table 1) . The results on the selectivity of this electrode showed that the common ions of alkali metals would not cause any significant interference, unless present in extremely high concentrations. However, this membrane showed a somewhat deteriorating influence on the selectivity over K + . This seems to be related to the low solubility of the complex of the interfering ions with TpClPB -. 30 The effect of anions on the pH response can also be seen in Table 1 . Their anion interference imposes a limitation to their use in an acidic solution, because it is formed as a more stable complex, as noted above. 31 For a solid-contact electrode based on TBEDA, the stability of e.m.f. measurements was measured in a pH 7.47 Tris buffer solution. During the first 30 min, while measuring the e.m.f. value, it changed rapidly and irregularly; however, after 1 h, it became stable and the change in the e.m.f. was less than 1 mV (Fig. 2) . Thus, before using this electrode, we had to condition all electrodes in distilled water or in a pH 7.47 Tris buffer solution for at least over 1 h. The reproducibility of e.m.f. measurements with the electrode was checked by alternating measurements (10 min each) on two tris buffer solutions of pH 6.5 and 8.5, respectively (20 ± 0.2˚C). The standard deviation in the determined e.m.f. differences was 1.5 mV (N = 10) at Tris buffer solution of pH 6.5 and 1.1 mV at a Tris buffer solution of pH 8.5. The 90% response time of the electrodes obtained by injecting hydrochloric acid into tris buffer solution was less than 10 s. These electrodes continuously contacted Tris 7.47 buffered solutions and whole blood for one month without any loss of performance. Also, these electrodes, which were dried after daily measuring in the Tris buffered pH sample solution, maintained a stable electrode potential for more than 6 months; it therefore seems that they can be used for over 6 months. The electrical resistance of the electrodes was 2.0 ± 0.3 MΩ, which is much lower than that of a glass membrane pH electrode, and is favorable for miniaturization (340 ± 10 MΩ for a glass electrode).
Plots of the impedance in different hydrogen ion concentration solutions are presented in Fig. 3 . In the same Tris buffered pH solution with different sodium and litium ion concentrations, all of the solid contact electrodes based on TBEDA ionophore displayed nearly the same semi-cyclic impedances at high frequencies (100 kHz-10 Hz). This can be explained by saying that the sodium and lithium ions at low concentration (10 -1 mM, 10 -3 mM) were not effected on all components of this polymeric membrane. However, in different pH-buffered solutions (pH 4, pH 9) with the same sodium and lithium concentration, the bulk resistance increased with increasing pH values. This phenomenon was related to the interaction between hydrogen ions and the tertiary amine of TBEDA in a polymer layer. Thus, it is proposed that the energy of transfer of hydrogen ions across the polymer membrane increased with increasing pH values. The redox sensitivity of a solid-contact electrode based on TBEDA ionophore was checked by measuring the potential of the redox couple Fe(II)/Fe(III) in various ratios with a constant ionic background of the Tris buffer, and then plotting the potential vs. -log([Fe(II)]/[Fe(III)]). The results are given in Fig. 4 . An instantaneous Nernstian response was observed at a bare Pt electrode and a poly(aniline)/Pt electrode. In this way, the poly(aniline) layer can be seen to function as an extension of the electronically conducting metal contact. Those electrodes coated with PVC showed no redox response, as would be expected, because there is no mechanism present for electron transport in the PVC. Hence, the PVC layer can protect the inner Pt or poly(aniline) redox-sensitive layers from the effects of strong oxidizing or reducing agents.
As shown in Fig. 5 , we showed the potential response characteristics of Pt/poly(aniline) electrode in a Tris buffered pH sample solution. This electrode coated with poly(aniline) on the surface of platinum was synthesized by an electropolymerization method in aniline:HCl was a 0.03 M:0.06 M solution. The linear pH response ranges of this electrode were divided into two ranges: pH 1.1 -7.0 and pH 7.0 -11.1. In these two linear ranges, their Nernstian slopes showed 67.2 mV/pH and 23.9 mV/pH, respectively, and the intersection point of the two linear lines was shown at pH 7.0.
In processing the fabrication of a solid-contact electrode containing TBEDA ionophore, when the poly(aniline) was synthesized by the electropolymerization method, we used electrolytes with different anions, such as HCl, H2SO4, HNO3, and HClO4, and changed the ratio of the aniline:the electrolyte to 1.0:1.5, 1.0:2.0, 1.0:2.5, 1.0:3.0, 1.0:3.5, 1.0:4.0. However, the results of poly(aniline) solid-contact electrodes containing these different doped anions showed a similar Nernstian slope and response range. Also, when we used HCl electrolyte and the ratio was set at 1.0:2.0, the response range was slightly widened but did not show big difference. However, the response time of this electrode showed a different point. As shown in Fig. 6 and Table 2 , according to the kinds of doped anions in poly(aniline), the response time of poly(aniline) solidcontact electrodes varied. The response time for the hydrogen ions of this solid contact electrode became longer from H2SO4 to HCl to HNO3 to HClO4. This seems to be related to the sequence of ion mobilities in aqueous solution. 32 However, the thickness of the PVC layer in this solid contact electrode did not affect the response time of the electrode, but did affect the stabilization time. The thicker was the PVC layer, the longer was the stabilization time.
Thus, we suppose that the stabilization time is the filling time of the hydrogen ions in the PVC layer. The results involving the use of different anions in poly(aniline) were related to the response time of the electrodes, and present information about anion exchange at a poly(aniline)/PVC interface. If electron exchange occurs at a PVC/poly(aniline) interface, different doped anions contained in a poly(aniline) solid-contact electrode will show the same results concerning the response time. Also, If hydrogen ions penetrate into poly(aniline) layer, the response range and slope become divided at pH 7.0, as shown in Fig. 5 .
Thus, when we consider the results of the redox coupling of Fe(II)/Fe(III) and the impedance data in Figs. 3 and 4 , hydrogen ions transfer from the outer side of the PVC layer to the inner side. Also, when we consider the results of using different electrolytes in poly(aniline), the changes in the ratio of aniline vs. electrolyte and the response-time data, doped anions in the Response time/s 8.5 ± 0.5 9.4 ± 0.3 11.9 ± 0.5 12.5 ± 0.4 poly(aniline) layer were exchanged at the interface of PVC/poly(aniline). We thus supposed the fact that the electroconductive poly(aniline) layer on a platinum surface employing the electrochemical method increases the adhesion between the metal and the electroconductive polymer, enabling electron transfer as well as an increase in the adhesion between the electroconductive polymer layer and the PVC layer containing ionophore, thus allowing anion exchange at the interface. Thus, this anion exchange at the interface motivated electron transfer with platinum, as shown in Fig. 7 . As can be expected from the selectivity data given above, there is no interference from electrolytes in human whole blood in the physiologically relevant pH range (pH 6.0 -8.5) in Fig. 8 . The addition of a typical extracellular concentration of hydrogencarbonate ions (24 mM) to the Tris buffer solution did not significantly influence the slope of the electrode response. In human whole blood, their Nernstian slope of the electrodes showed 51.9 mV/pH (20 ± 0.2˚C). The measured results in human whole blood are almost the same as those which were measured in a Tris buffered pH solution with 24 mM hydrogen carbonate ions, in artificial serum, and in Tris buffered pH solutions. Thus, it does not seem to be affected by many interference ions existing in human whole blood. This result also underlines the fact that a solid-contact electrode based on TBEDA ionophore eliminates the observed e.m.f. effect of CO2 diffusion across the membrane.
As shown in Fig. 9 , there is no sign of an erosion effect for the solid contact electrode based on TBEDA as a pH sensor in hydrofluoric acid. This electrode can be used for end-point indication in the titration of hydrofluoric acid with 0.0584 M sodium hydroxide. The HF concentration found was 0.0438 M with a standard deviation of 0.01 (n = 3). We tried to keep these electrodes in a hydrofluoric acid solution, and found them showing the best reproducibility with no erosion over four weeks. After a measurement of this electrode in hydrofluoric acid, the potential response characteristics in the Tris buffered pH sample solution were not changed. Their linear dynamic range remained at pH 3.50 -11.94 and the Nernstian slope showed 52.1 mV/pH (at 20 ± 0.2˚C) after contacting hydrofluoric acid. 
